The poly(A) signal of the human Lamin B2 gene was previously shown to lie 600 bp upstream of the cap site of a gene of unknown function (ppv1). However, using RNase protection analysis, we show that ppv1 has two clusters of multiple initiation sites, so that the 5i cap site lies only ∼280 nt downstream of the Lamin B2 poly(A) signal. We analysed nascent transcription across this unusually short intergenic region using nuclear run-on analysis of both the endogenous locus and of transiently transfected hybrid constructs. Surprisingly, transcription of the Lamin B2 gene does not appear to terminate prior to any of the mapped ppv1 start sites, although pausing of the elongating polymerase complexes is observed downstream of the Lamin B2 poly(A) signal. We suggest that this pausing may be sufficient to protect the downstream gene from transcriptional interference. Finally, we have also investigated the sequences required for efficient recognition of the Lamin B2 poly(A) signal. We show that sequences upstream of the AAUAAA element are required for full activity, which is an unusual feature of mammalian poly(A) signals.
INTRODUCTION
In eukaryotes, the 3i end of a mRNA does not correspond to the point at which the polymerase complex stops transcribing the DNA; rather, the nascent RNA is cleaved at the polyadenylation signal and a poly(A) tail added (for a review, see ref. 1). Poly(A) signals of higher eukaryotes contain the highly conserved AAUAAA motif, first identified 20 years ago (2) , that is absolutely required for function both in vivo (3) and in vitro (4) . Saturation mutagenesis has demonstrated that very few variants of the canonical AAUAAA sequence support efficient cleavage/ polyadenylation (5) . As might be expected, the least deleterious change (AUUAAA) represents the most frequent naturally occurring variant. Cleavage appears to occur preferentially at an A residue lying 10-30 nucleotides (nt) downstream of the AAUAAA element (6) , with some evidence of a preference for a CA dinucleotide (5) . Sequences downstream of the cleavage site have been shown to enhance the efficiency of cleavage at a number of poly(A) signals both in vivo and in vitro (e.g. refs [7] [8] [9] [10] . In addition, these downstream sequences can influence the position at which cleavage occurs (11, 12) . Sequences upstream of the AAUAAA hexanucleotide do not appear to be required for efficient 3′-end formation in most vertebrate genes, although examples of upstream sequence elements (USEs) have been reported for several viral systems, including the SV40 late poly(A) signal and HIV-1 (see ref. 1) .
Following polyadenylation, the RNA polymerase II complex continues elongating, often terminating several kilobases downstream of the poly(A) signal; for example, in vivo and in vitro labelling studies have shown that transcription of the murine β maj globin gene terminates between 700 and 2000 bp downstream of the poly(A) signal (13) . Termination requires an intact polyadenylation signal (14) (15) (16) and the strength of a polyadenylation signal correlates with the efficiency of termination (17, 18) . Two models have been proposed to explain how an RNA processing event influences the ability of a ternary complex to terminate transcription: Darnell and co-workers (15) suggested that the ternary complex carries with it a processivity factor that is lost when a poly(A) signal is encountered, converting the polymerase to a form that is competent to recognise termination signals. A recent study has demonstrated that the CTD tail of RNA polymerase II is required for polyadenylation in vivo and can associate with components of the polyadenylation machinery (19) . In the second model, proposed separately by Manley (16) and Proudfoot (20) , the uncapped 5i end of the nascent RNA resulting from the cleavage at the poly(A) signal would be accessible to attack by a 5i³3i exonuclease or helicase. Termination is suggested to result from the ternary complex being disrupted by removal of the nascent RNA. Two lines of circumstantial evidence have emerged that are consistent with this second model: firstly, an exonuclease activity has been described in HeLa nuclear extract that is specific for uncapped RNA (21) , and secondly, pause sites appear to be associated with at least some termination sites (22) , and it has been suggested that the stalling of the polymerase downstream of a poly(A) signal would increase the efficiency of termination by reducing the time required for the helicase or exonuclease to reach the ternary complex.
It has previously been demonstrated in situations where two closely spaced genes are transcribed in the same direction, that transcription of the upstream gene reading into the promoter of the downstream gene decreases expression of the downstream gene. Examples of this phenomenon, termed promoter occlusion or transcriptional interference, include the retroviral 3i LTR promoter (23) and duplicated human α globin genes (24) . Evidence that promoter occlusion represents a transcriptional event comes from the observation that insertion of polyadenylation and termination signals (individually or in combination) between two synthetic genes results in relief from interference on the downstream promoter (25) . For this reason, we have previously studied transcription in the short intergenic region between the human complement C2 and factor B genes (26) . These studies led to the identification of the binding site for the zinc-finger transcription factor, MAZ, close to the region of termination of C2 transcription . Indirect assays suggested that binding of MAZ could play a role in directing termination of transcription, and that MAZ could potentially play a role in termination in the human complement g11-C4 intergenic region, as well as in the mouse IgM-D gene (27) . We have now turned our attention to another short human intergenic region, that between the Lamin B2 gene and a gene of unknown function, termed ppv1, lying in the sub-telomeric G-negative band p13.3 of human chromosome 19. This region is replicated early during S-phase (28) and considerable evidence has accumulated to suggest the presence of a chromosomal origin of DNA replication lying in the 3i UTR of the Lamin B2 gene (29, 30) . Approximately 600 bp separates the poly(A) signal of the Lamin B2 gene from the two mapped start sites of ppv1, and expression of the Lamin B2 gene appears to be limited to S-phase, while the downstream gene is not cell cycle regulated (28) . We have undertaken a detailed analysis of transcription in this intergenic region, using both steady state and nascent transcript mapping techniques. Our results suggest that the intergenic region is smaller than previously determined, with only ∼280 nt separating the cleavage site of the Lamin B2 poly(A) signal and the 5i-most cap site of the downstream gene. Surprisingly, there does not appear to be efficient termination of Lamin B2 transcription. We suggest that promoter occlusion may not represent a significant problem for expression of ppv1 due to the limited expression of the Lamin gene. We have also investigated the poly(A) signal of the Lamin B2 gene and have demonstrated that the poly(A) signal depends upon sequences upstream of the AAUAAA hexanucleotide for maximal activity. To date, the only other cellular mammalian gene with such an upstream activatory element present in the poly(A) signal is the human C2 complement gene (31) .
MATERIALS AND METHODS

Plasmid constructions
pB48 is a derivative of pBluescribe that contains the 1.1 kb B48 region from human chromosome 19 that encompasses the Lamin B2-ppv1 intergenic region (30) . Single stranded DNA probes for this region were produced by cloning the desired restriction fragments from pB48 into the HincII site of M13mp18 or M13mp19 vectors (Table 1 ). The single stranded probes for the α2 globin gene have been described previously (22) , the two probes for the HIV-1 LTR were constructed by Jan Eggermont (U3) and Mark Ashe (PH), and the mouse Histone H4 and Xenopus 5S rRNA probes by Jan Eggermont. RNase protection constructs were made using pGEM4, with inserts arranged so that transcription with T7 RNA polymerase produces antisense RNAs. pGEMRP1 contains the 290 bp ApaI-PstI fragment from pB48, while pGEMRP2 carries the 347bp PmlI-AvaI fragment from the same plasmid. The α2W3iPS plasmid used in the poly(A) competition experiments has been described previously (22) . The transient expression construct for the HeLa nuclear run-on experiments (pHIVαB48) was produced by inserting the 1.1 kb B48 region (excised from pB48 as a BamHI-Acc65I fragment, utilising restriction sites in the pBluescribe polylinker) into pSVodLα2 (25) . Plasmids for use in the poly(A) competition experiments were produced by inserting fragments containing the Lamin B2 poly(A) signal into α2W3iPS at either the PvuII or HpaI sites. Changes to the upstream sequences were introduced by PCR with mismatched primers as follows (all distances relative to the AAUAAA sequence): m1 alters the 6 T residues of the T 10 tract from -55 to -64 to a BamHI site; m2 converts the CAT4 sequences from -31 to -34 to a PvuII site; and m3 changes the T 6 tract from -13 to -18 to a BamHI site.
HeLa cell transfection and RNA analysis
Subconfluent HeLa cells were transiently transfected using the calcium phosphate precipitation method and cytoplasmic RNA was isolated after 24-48 h exactly as described previously (32) . RNA from untransfected NTera-2/D1 cells was isolated using exactly the same method. S1 probes were made by 3i end-labelling 1 µg of linearised plasmid with 10 µCi [α-32 P]dGTP (800 Ci/mmol) and Klenow DNA polymerase (Boehringer Mannheim), and purified using a Nick column (Pharmacia). S1 and RNase protection analyses were performed exactly as described previously (25) , except RNase digestions were performed at 18_C for 2 h. Quantitation of S1 gels was by phosphorimaging using a Molecular Dynamics Storm 840 system and the results presented are an average of at least three independent experiments.
Nuclear run-on analysis
Cells were washed once with PBS, scraped into 10 ml of the same and centrifuged at 1400 r.p.m. for 5 min at 4_C. Cell pellets were resuspended in 4 ml of hypotonic lysis buffer (10 mM Tris-HCl pH 7.5, 10 mM NaCl, 2.5 mM MgCl 2 )/0.5% NP-40 and incubated on ice for 5 min. Lysates were then underlayered with 1 ml of HLB/0.5% NP-40/10% sucrose, and the nuclei spun through the sucrose cushion (1500 r.p.m. for 5 min.). The nuclei were washed once with HLB to remove residual traces of NP-40, then resuspended in an equal volume (plus 10 µl) of 2× transcription buffer (40 mM Tris-HCl, 1.5 M KCl, 10 mM MgCl 2 , 40% glycerol, 2 mM DTT) and rATP, rUTP and rGTP were added to a final concentration of 250 µM. Transcription was initiated by the addition of [α-32 P]rCTP (800 Ci/mmol; 20 mCi/ml) to the nuclei (typically 120 µCi per 50 µl of nuclei), and the reaction incubated at 30_C for 15 min. Nuclei were then pelleted by centrifugation in a microfuge for 30 s, resuspended in 200 µl of high salt buffer (10 mM Tris-HCl pH 7.9, 500 mM NaCl, 10 mM MgCl 2 ) containing 10 U RNase-free DNase I, and incubated at 30_C for 5 min. A volume of 200 µl of 0.5 mg/ml Proteinase K/0.5% w/v SDS was added and the reactions incubated at 37_C for 30 min. Nucleic acid was extracted once against an equal volume of acidic phenol:chloroform (1:1) and ethanol precipitated by the addition of 2.5 vol of ice cold ethanol. Pellets were resuspended in 200 µl of DNase Buffer/10 U RNase-free DNase I, then incubated at 37_C for 30 min. RNA was extracted once against acidic phenol:chloroform, ethanol precipitated following the addition of sodium acetate to 0.3 M, and finally resuspended in 40 µl of water. RNA was partially hydrolysed for 4 min on ice by the addition of NaOH to a final concentration of 200 mM, then neutralised by the addition of 20 µl of 0.2 M Tris/0.2 M HCl and the volume made up to 750 µl in hybridisation solution (6× SSPE, 50% deionised formamide, 5× Denhardt's solution, 50 µg/ml tRNA, 10% SDS), and hybridised overnight at 42_C with Hybond-N (Amersham) slot blots carrying 5 µg of each singlestranded M13 probe. (The slot blots were prehybridised in 2.5 ml of 6× SSPE, 50% deionised formamide, 5× Denhardt's solution, 50 µg/ml tRNA, 10% SDS at 42_C overnight.) Following hybridisation, the slot blots were washed three times in 1.0× SSPE/0.1% w/v SDS at room temperature, then at least once in 0.1× SSPE/0.1% w/v SDS. Membranes were exposed to Kodak AR film at -70_C or to Molecular Dynamics Phosphor storage screens at room temperature (to allow quantitation of the hybridisation signal).
RESULTS
RNase protection mapping of steady state transcripts
As shown in Figure 1A , two different start sites have been reported for ppv1, determined by RNase protection and primer extension (28) , one on each side of the NcoI restriction site. In order to confirm that these start sites are the same in the two cell lines employed for the nuclear run-on analysis (NTera-2/D1 and HeLa cells, see below) we have used the RNase protection assay to map the 5i end of the ppv1 gene. The 290 bp ApaI to PstI restriction fragment from the intergenic region, encompassing the two known start sites, was inserted into the HindIII site in the polylinker of pGEM4 to produce pGEMRP1. In vitro transcription of EcoRI-linearised pGEMRP1 with T7 RNA polymerase produces a riboprobe of 356 nt, comprising a 290 nt homologous region flanked by 31 and 35 nt of non-homologous pGEM4 sequence at the 5i and 3i ends, respectively.
The left hand panel of Figure 1B shows an RNase protection assay using this probe. In lanes 2 and 3, it can be seen that a number of specific bands are produced with both HeLa and NTera-2/D1 cytoplasmic RNA. An identical pattern of protected bands is obtained with cytoplasmic RNA isolated from HepG2 or HL-60 cells, but not tRNA, demonstrating that these bands are not a probe artefact (not shown). The presence of multiple protected probe fragments suggests that ppv1 has considerably more than two start sites in the previously described region, perhaps as a result of the promoter lying in a CpG Island. Also present on the gel is a protected fragment of ∼290 nt. This fragment apparently represents protection of the entire homologous region of the probe, implying that transcription from upstream of the ApaI site in the intergenic region is being detected.
To map the 5i end of this upstream transcript, a second RNase protection probe has been generated. This probe was produced by transcribing pGEMRP2, a pGEM4 derivative that carries the 347 bp PmlI-AvaI fragment from the intergenic region. This probe does not therefore extend to the multiple start sites mapped using the first probe. As can be seen from lane 5 of Figure 1B (right), HeLa cell RNA protects about three probe fragments of ∼260-290 nt. This indicates that there is an additional group of start sites for the ppv1 gene lying ∼280 bp downstream of the Lamin B2 poly(A) site. Thus, the minimum intergenic region that separates the Lamin B2 gene from ppv1 is significantly shorter than previously thought and represents one of the shortest intergenic regions so far described in mammals.
Nuclear run-on transcription analysis of the endogenous intergenic region
The most widely employed method of determining the location of transcription termination is the nuclear run-on procedure (originally described by Weber et al., ref. 33) . Nuclei are isolated from cells and incubated in a transcription reaction (in the presence of radiolabelled nucleoside triphosphate), which allows any polymerase complexes engaged in transcription to extend their nascent transcripts for a short distance. The conditions employed are such that de novo initiation and transcript processing are inhibited (34) , resulting in labelling of only the nascent transcripts already present. Incorporated label can be detected by isolating nuclear RNA and hybridising to filter-bound single stranded DNA probes containing sequences complementary to the RNA of interest. The intensity of the hybridised signal on each probe is proportional to both the polymerase density across the region encompassed by the probe and the number of labelled nucleotides in that region. Prior to the hybridisation, the nuclear RNA must be partially hydrolysed, ensuring that the incorporated label will be present only in short RNA molecules proximal to the polymerase complex. The locations of the single-stranded DNA probes complementary to the nascent RNA generated by transcription of this region are illustrated in the upper part of Figure 2 . Two additional probes have been included in these experiments, one complementary to the histone H4 mRNA and a second complementary to the pol III-transcribed 5S rRNA (denoted by 'his' and '5S' on the diagram).
We have employed the embryonal teratocarcinoma cell line NTera-2/D12 for these studies, as these cells appear to express the Lamin B2 gene at a higher than normal level (M.G., personal communication). Because the Lamin B2 gene is expressed only in S-phase, cells were synchronised by the double aphidicolin block method and Figure 2 shows the pattern of hybridisation obtained from nuclear run-on reactions using nuclei isolated 2 h after release from the second aphidicolin block. The graph gives the relative signal for each probe corrected for both the empty M13 hybridisation background and the number of CMP residues in the nascent transcript over the region spanned by the probe. Probes B covers 765 bp of sequence within the Lamin B2 gene, while probe ED covers ∼1.7 kb in the final exon of the gene. The corrected signal for the probes over the intergenic region has been expressed relative to probe ED. It can be seen from this experiment that there appears to be an increase in the density of polymerase complexes over the region containing the poly(A) signal of the Lamin B2 gene (probe HBy), followed by a further increase downstream (probe PE). The polymerase density over the rest of the intergenic region (probes EBs and BsN) is comparable with that seen over probe ED, and downstream of the multiple start sites of the ppv1 gene there is again a significant increase of polymerase density, as indicated by the 3-fold higher signal for the ppv1 probe HA. Thus it would appear that there is a slight build-up of RNA polymerase downstream of the poly(A) signal of the Lamin B2 gene, perhaps as a result of sequences capable of pausing the elongating polymerase. However, there does not appear to be any appreciable termination of transcription prior to the cap sites of the downstream gene. In view of the steady-state mapping experiments described above, it is possible that initiation of transcription within the intergenic region could result in overlap of the Lamin B2 and ppv1 transcription units, thus obscuring termination of Lamin B2 transcription. Initiation at this site could also contribute to the increased polymerase density observed over probe PE. This point is addressed in the next section.
Nuclear run on analysis using transiently transfected constructs
The results presented above suggest that transcription of the Lamin B2 gene does not terminate upstream of ppv1. As mentioned before (and see also the Discussion), the level of signal obtained from the nuclear run-on experiments is very low, making definite conclusions difficult. For this reason, we have performed nuclear run-on analysis using HeLa cells transiently transfected with a hybrid expression construct. The Lamin B2-ppv1 intergenic region was inserted downstream of the HIV-1 LTR promoter/ human α2 globin hybrid in plasmid pSVodLα2 (25) , producing plasmid pHIVαB48 (Fig. 3A) . Co-transfection with plasmid pOGS213 (35) , a source of the viral Tat protein, allows trans-activation of the LTR promoter and expression of the hybrid gene in HeLa cells. As the poly(A) signal of the α2 globin gene has been replaced with that of the Lamin B2 gene in this construct, it was important to demonstrate that the Lamin B2 poly(A) signal is functional in this context. RNase protection mapping using cytoplasmic RNA from HeLa cells transiently transfected with each of these constructs showed that the Lamin B2 poly(A) signal was indeed used both accurately and efficiently (data not shown; see also below). Although the Lamin B2 and ppv1 genes are expressed at low levels in HeLa cells, transient nuclear run on analysis using the HIV promoter construct is possible since the level of signal obtained from such transient constructs is several orders of magnitude greater than the endogenous signals. Thus, we feel that these transient expression constructs are a realistic surrogate for the endogenous gene. Figure 3B shows the nuclear run-on analysis of transiently transfected HeLa cells. As with the endogenous Lamin B2-ppv1 profile, a significant build-up of signal occurs over probe PE, again indicating transcriptional pausing in this region. However, transcription continues unabated beyond this pause site, reading . Also included S1 reactions was a probe specific for the rabbit β-globin transcript produced by plasmid pβ5′SVpBR328 that is included in the transfections as a source of SV40 Large T antigen. The probe is a 3i-end-labelled EcoRI digest of this plasmid, and should protect a fragment of 170 nt. However, several bands are seen as a result of the S1 reaction being performed at 30_C, which allows breathing between the probe and the mRNA. Figure 3C shows the run-on profile obtained for plasmid pHIVαB48 transfected into HeLa cells in the absence of pOGS213. As can be seen, near background levels of transcription are observed over all of the probes, including PE, relative to the 5S and histone H2B control probes. Thus, it would appear that the signals seen over the intergenic region probes, are due to transcription reading through from the HIV-1 promoter. This would imply that termination is not occurring within the intergenic region. In addition, the strong hybridisation signal seen over probe U3 which lies upstream of the HIV-1 cap site is also dependent upon the presence of Tat protein, indicating that transcription extends around the whole plasmid.
Sequences required for full activity of the Lamin B2 poly(A) signal
The sequence around the Lamin B2 polyadenylation signal is shown in Figure 4A . Because of the link between the efficiencies of a poly(A) signal and the subsequent termination event, we have investigated the sequences required for efficient utilisation of the Lamin B2 poly(A) signal by placing it in competition with a weak reference poly(A) signal (from the human α2 globin gene). A number of constructs were produced with various fragments containing the Lamin B2 signal inserted downstream of the human α2 globin gene in plasmid α2W3iPS (36), as illustrated in Figure 4B . The Lamin poly(A) signal fragments were inserted at the unique PvuII site, which lies ∼72 bp downstream of the cleavage site of the α globin poly(A) signal. This plasmid contains the SV40 origin of replication, which allows expression of the α2 globin gene in HeLa cells in the presence of a source of SV40 Large T antigen [supplied by co-transfecting plasmid pβ5′SVpBR328 (37) ]. The relative use of the Lamin B2 and α2 globin poly(A) signals in the α2W3iPS derivatives is determined by S1 nuclease protection with cytoplasmic RNA harvested from transiently transfected cells. S1 probes are made by labelling α2W3iPS at the BstEII site in the third exon of the α2 globin gene (Fig. 4B) . Transcripts utilising the α2 globin poly(A) signal will thus protect a fragment of 212 nt, whilst transcripts that have polyadenylated at the Lamin B2 signal will mismatch at the PvuII site, protecting a fragment of 306 nt. To ensure that correct polyadenylation at the Lamin B2 poly(A) signal is being observed homologous probes have also been employed (data not shown). Figure 4C shows an autoradiograph of a typical S1 protection assay where the Lamin B2 poly(A) signal has been inserted at the PvuII site. The three longest forms of the poly(A) signal tested (L+131, L+101 and L+56, which carry 131, 101 and 56 nt of upstream sequence) all virtually completely out-competed the upstream α2 globin poly(A) signal. Surprisingly, when only 10 bp of sequence is included upstream of the AAUAAA of the poly(A) signal (construct αWP/L+10, which carries the RsaI-BstYI fragment), the ability of the Lamin poly(A) signal to out-compete the α2 globin signal was greatly reduced: quantitation reveals that 39% of the steady state transcripts now polyadenylate at the α2 globin signal, despite the fact the Lamin B2 signal has apparently been moved closer to the upstream signal. In the absence of any sequence upstream of the AAUAAA of the Lamin B2 poly(A) signal (construct αWP/L+0), a further decrease in use of this signal (to 54%) is observed.
The results presented above demonstrate that sequences extending 56 nt upstream of the AAUAAA of the Lamin B2 poly(A) signal are required for efficient utilisation of this signal. It is possible, however, that sequences present further upstream of the poly(A) signal could also be important, but that the assay is not sufficiently sensitive to reveal this fact. Given that the α2 globin poly(A) signal is relatively weak, it is conceivable that the sequence elements present in the first 55 bp of upstream sequence are sufficient to enhance the efficiency of the basal Lamin B2 polyadenylation signal such that it is strong enough to out-compete the weaker α poly(A) signal. Indeed, the upstream activatory element(s) may extend beyond the 131 nt arbitrarily chosen as the 5i cut-off in the initial construct.
Since the spacing between two poly(A) signals may influence competition between them, inserting the Lamin B2 poly(A) signal further downstream of the α2 poly(A) signal cleavage site provides a more stringent test of processing efficiency, and may reveal differences between the L+56, L+101 and L+131 forms. Thus, the various forms of the poly(A) signal were inserted at the unique HpaI site ∼300 bp downstream of the α2 poly(A) signal, and the S1 analysis of these constructs is shown in Figure 4D . The L+56 form of the poly(A) signal is now used less frequently than the L+101 form (36% versus 55%), but surprisingly the L+131 form is also less efficient than the L+101 form (being used 47% of the time). This suggests that the USE extends at most 101 nt upstream of the AAUAAA, with the additional 30 nt of sequence present along with the L+131 form accounting for the slight reduction in use. When only 10 nt of upstream sequence is present, use of the Lamin B2 signal again decreases sharply (with only 18% of transcripts having polyadenylated at the inserted signal), while use of the Lamin B2 poly(A) signal falls even further (to 13%) following removal of all of the upstream sequence. Thus, it would appear that the L+101 and L+56 forms are not equivalent, and that the upstream activatory element extends beyond 56 bp upstream of the core poly(A) signal.
Given that the poly(A) signal of the Lamin B2 gene possesses an upstream element, it was important to determine if the sequences downstream of the cleavage site were also required for efficient use of the signal. PCR was used to generate a Lamin B2 poly(A) signal fragment extending from the upstream HinfI site to the A residue at the cleavage site (named ∆ds), and its ability to compete against the α2 globin poly(A) signal was tested at both the PvuII and HpaI sites (Fig. 4E) . As can be seen, removal of the 80 bp of downstream sequence has a crippling effect on the poly(A) signal: at the PvuII site, the Lamin signal was only used 13% of the time, whilst at the HpaI site, the Lamin signal was used 17% of the time. The fact that the ∆ds form of the poly(A) signal works better when further away from the α2 poly(A) signal presumably results from the sequence environment immediately downstream of the HpaI site being more favourable than that downstream of the PvuII site. Thus, it would appear that while the signal can function reasonably well in the absence of the upstream sequence, the downstream sequence is absolutely critical for function. Sequences further downstream than the BstYI site do not contribute to the efficiency of the poly(A) signal (data not shown).
Specific sequences are required upstream of the AAUAAA for activation of the poly(A) signal
One possible explanation for the difference in the abilities of the various forms of Lamin B2 poly(A) to compete with the α2 poly(A) signal is that the upstream sequence merely acts as a 'spacer' to protect the Lamin B2 poly(A) signal from inhibitory elements in the sequence downstream of the α2 globin gene. For example, the presence of a cryptic 5i splice site in the sequence flanking the α2 globin gene could result in inhibition of the inserted Lamin poly(A) signal (see refs 38,39 for examples of this). Thus, the L+101 and L+131 forms of the signal would compete against the α2 globin poly(A) signal with the highest efficiency simply as a result of the core Lamin poly(A) signal in these fragment being furthest removed from such an inhibitory element; as the amount of upstream sequence is reduced, the poly(A) signal is moved closer to the α2 globin flanking sequence. To test this possibility a spacer fragment has been introduced 5i of the L+56 and L+10 forms of the Lamin B2 poly(A) signal inserted at both the PvuII and HpaI sites in α2W3iPS. This has been achieved by first inserting the L+56 and L+10 poly(A) signal fragments into the HincII site of pGEM4, then inserting the PvuII-EcoRI fragment from these pGEM4 derivatives into α2W3iPS. These modified forms of the Lamin poly(A) signal (referred to as gL+56 and gL+10) carry an extra 63 bp of sequence upstream and an extra 30 bp downstream of the poly(A) signal fragment, and their ability to compete against the α2 globin poly(A) signal is shown in Figure 4F . In all cases, the introduction of the spacer decreases the frequency with which the poly(A) signal is used, consistent with the fact that the Lamin B2 poly(A) signal has been moved further from the competing α2 globin poly(A) signal. The gL+56 form is used 85% of the time when inserted at the PvuII site, but only 34% of the time when inserted at the HpaI site, while the gL+10 form of the poly(A) signal is used ∼26% of the time when present at the PvuII site but only 4% when present at the HpaI site. If the role of the upstream sequence was to simply act as a spacer element, it would be expected that both the gL+10 and gL+56 forms of the poly(A) signal would compete with efficiencies comparable to that seen for the L+101 form. Thus, specific sequences upstream of the AAUAAA of the Lamin B2 poly(A) signal appear to be required to directly stimulate the efficiency of the core poly(A) signal.
Mutagenesis of the upstream sequence
USEs defined for other poly(A) signals appear to show little sequence homology, other than being somewhat U-rich (1), so mutations were introduced into three of the T-tracts upstream of the AAUAAA to determine if these sequences are important for activation of the Lamin B2 poly(A) signal (Fig. 5A) . Individually, these changes appear to have little significant effect on the efficiency of the poly(A) signal when tested at both positions downstream of the α poly(A) signal (Fig. 5B) . When the clusters of mutations are combined, however, effects on the efficiency of the poly(A) signal become apparent (Fig. 5C ), suggesting redundancy. Changes m1 and m2 together had no effect on the frequency with which the Lamin B2 poly(A) signal was used, when tested at either site, while the combination of mutations m2 and m3 reduced use of the Lamin poly(A) signal to 81% (at PvuII) or 25% (at HpaI). The combination of mutations m1 and m3 had the greatest effect, with the Lamin poly(A) signal used only 73% of the time when present at the PvuII site, and only 17% of the time at the HpaI site. The triple mutation was found not to reduce the efficiency of the Lamin B2 poly(A) signal any further. Thus, it would appear that these sequences are important for activating the Lamin B2 poly(A) signal, although the relatively modest effects confirm that there is considerable redundancy in the upstream sequence elements present. However, it is apparent that the T-tracts do play an important role. 
DISCUSSION
Based on the results of the RNase protection analysis, the intergenic region that separates the Lamin B2 and ppv1 genes is significantly shorter than previously thought, with only ∼280 bp separating the cleavage site of the Lamin B2 poly(A) signal from the 5′-most cap site of ppv1. This genetic arrangement therefore represents one of the smallest intergenic regions so far described. In addition, while two cap sites were mapped for the downstream gene ∼600 bp downstream of the Lamin B2 poly(A) addition site, it can be seen that there is a cluster of start sites in the region extending both 5i and 3i of the previously mapped start sites. How the upstream start sites relate to this downstream cluster has yet to be determined. It has been suggested that the promoter for the ppv1 gene lies in a CpG island (30) , which may explain the heterogeneous nature of initiation. Some of this heterogeneity may also be contributed by the use of alternative splice sites at the 3i end of the first exon of ppv1; inspection of the sequence in this region reveals only three very poor matches to the 5i splice site consensus, which clearly cannot account for all of the protected products obtained with probe 1.
When considering the results of the nuclear run-on analysis of the endogenous Lamin B2 gene it is important to note that the signals obtained are very low, a fact that is apparent when comparison is made of the relative levels of signal over the intergenic region probes and the histone and 5S rRNA control probes (both of which are heavily over-exposed in Fig. 2) . However, probe ED, which lies upstream of the poly(A) signal of the Lamin B2 gene gives a relatively strong run-on signal, and once the signal over the intergenic region probes have been corrected, it is apparent the relative levels of the intergenic region probes are comparable to that of probe ED. Such a correspondence might not be expected if the values obtained for the short intergenic probes were too low to be accurately quantitated. Thus, it seems likely that the endogenous run-on signals are representative of the levels of transcription occurring across the 3i end of the Lamin B2 gene and the intergenic region.
The results of the endogenous nuclear run-on analysis show that there are significant levels of transcription upstream of even the most 5i start site of the ppv1 gene (which would lie in probe PE) relative to those seen downstream of the ppv1 promoter. It follows that transcription of the Lamin B2 gene does not terminate prior to the downstream gene. However, given that transcription of the Lamin B2 and ppv1 genes overlap, it is impossible to determine where transcription of the Lamin B2 gene terminates. For this reason, and also to confirm that the low signals seen over the intergenic region are an accurate reflection of the relative levels of transcription, we have performed nuclear run-on experiments using transiently transfected expression constructs. By using the trans-activatable HIV-1 LTR promoter, it has been shown that there do not appear to be any signals capable of terminating transcription present in the intergenic region downstream of the Lamin B2 poly(A) signal. It must be remembered, however, that these transient experiments have employed a heterologous promoter to drive high levels of transcription, and previous work has demonstrated that the activation domains of different transcription factors can have a significant effect on the processivity of the resulting RNA polymerase complexes initiated (40, 41) . That two different promoters (from HIV-1 and human α2 globin, data not shown) have been used with the same results may argue against this, but it is a formal possibility that these promoters both initiate ternary complexes that are capable of reading through any termination signals that may be present downstream of the poly(A) signal of the Lamin B2 gene. It remains entirely possible that efficient termination of Lamin B2 transcription is not required, and that expression of the ppv1 gene is not impaired by transcription from the Lamin B2 gene. We suggest that because the Lamin B2 gene is expressed at such a low level and in a cell-cycle-regulated manner, it may simply be the case that polymerase complexes will read into the ppv1 promoter so infrequently that the level of ppv1 initiation will not be affected significantly.
The high signal observed over probe PE in both the endogenous and transient run-ons does not appear to be a result of initiation at the upstream start sites mapped for ppv1 (signal in the transient run-ons over this probe being dependent upon transcription for the HIV-1 promoter) and may be due to pausing of the transcription complex in the intergenic region in response to certain sequences. Such pausing may provide some degree of protection for the ppv1 promoter, since it has been shown that pause sites can give some relief from interference (25) , or may allow the efficient off-loading of the components of the cleavage/polyadenylation machinery known to associate with the CTD tail of RNA polymerase II (19) .
The link between the efficiency of a poly(A) signal and the efficiency with which transcription terminates has prompted us to examine the poly(A) signal of the Lamin B2 gene. If this signal functions inefficiently potential termination elements upstream of the ppv1 promoter might also be recognised inefficiently. However, the poly(A) signal competition experiments described here demonstrate that this signal can out compete the weak human α2 globin poly(A) signal when placed downstream, suggesting that the Lamin B2 signal functions with a fairly high efficiency. Despite the presence of a pause element downstream of the poly(A) site, we do not observe any termination in the transient run-ons. This may result from the close spacing of these two elements, since other termination elements have been shown to function only when considerable distances from the poly(A) signal (42) . In addition, we have found that sequences upstream of the AAUAAA element are required for the poly(A) signal to function with full efficiency. To date, only one other non-viral mammalian gene, that encoding the human complement C2 gene (31) , has been found to possess a USE. Limited mutagenesis of the upstream sequences has focused on three of the runs of uridines, and it has been found that while the single clusters of mutations had no detectable effect in our poly(A) competition assay, significant decreases in the efficiency of the Lamin B2 poly(A) signal were observed with the double and triple mutations. The magnitude of the effect of these changes suggests that there is considerable redundancy in the upstream sequence, and this is consistent with the observation that the progressive removal of the upstream sequence has no effect until sequences within 56 nt of the AAUAAA element are removed. This USE also corresponds to sequences thought to be important for the chromosomal origin of replication that appears to overlap the 3i UTR of the Lamin B2 gene. It is interesting to speculate that evolution of the origin in this region has fortuitously created sequences that also function to stimulate an RNA processing signal. Both of these non-viral mammalian USEs are present in genes that lie in close proximity to a downstream gene transcribed in the same direction (30, 43) . It is tempting to speculate that the presence of an upstream element in the poly(A) signal serves to maximise the space available in the intergenic region for the promoter of the downstream gene. Consistent with this, it has been shown for the C2 poly(A) signal that the sequences downstream of the cleavage site do not play a role in the efficiency of the site (31) . However, deletion of the sequence downstream of the Lamin B2 poly(A) signal has been found to significantly reduce the efficiency of this poly(A) signal.
Numerous examples of upstream elements have been reported for viral poly(A) signals, including SV40 late (44) , ground squirrel hepatitis virus (45, 46) , adenovirus L3 (47, 48) , and HIV-1 (49) (50) (51) (52) (53) (54) . These elements do not appear to possess significant sequence similarity, but appear to be discrete elements that can activate heterologous 'core' poly(A) signals (e.g. ref. 45) . Our studies on the Lamin B2 poly(A) signal have so far been confined to determination of the sequences required for the poly(A) signal to function. However, the results of preliminary in vitro experiments using nuclear extract as well as partially purified cleavage/polyadenylation factors have demonstrated that the upstream sequence increases the efficiency of the cleavage step, and can apparently stabilise the CPSF-CstF complex in the absence of additional bound factors (data not shown). Interestingly, the USEs of both HIV-1 (55) and Infectious Equine Anaemia virus (54) have been implicated in facilitating CPSF loading onto the RNA, and we predict that the Lamin B2 USE functions in a similar manner.
